INTRODUCTION
Major advances have recently been made in our understanding of the development and pathophysiology of progressive cardiac conduction disorders (PCCDs) [1, 2] . Descriptions of the various genetic backgrounds behind the rare forms of familial PCCDs have also been reported, highlighting genotype-phenotype correlations and providing crucial insights into the molecular determinants of cardiac conduction [3] . This brief review aims to describe recent major advances in our understanding of the clinical, genetic and molecular characteristics of inherited PCCD.
THE CARDIAC CONDUCTION SYSTEM: STRUCTURAL AND FUNCTIONAL COMPONENTS
The sino-atrial node, the atrio-ventricular node and the His-Purkinje system constitute the cardiac conduction system, which coordinates the initiation and propagation of the electrical impulse in the heart and the synchronous contraction of both ventricles [3, 4] . Recent studies have shown that the cardiac conduction system has a unique embryological origin that is distinct from that of the working myocardium [5] . This system involves more structures than originally thought, since it englobes the atrio-ventricular rings, a third retroaortic node and the pulmonary and aortic sleeves [1, 6] .
Recent findings have increased our understanding of the role of cardiac ion channels underlying the generation and propagation of the electrical impulse through the cardiac conduction system. The upstroke and repolarization of the sino-atrial node are the result of depolarizing voltage-gated calcium currents and repolarizing delayed rectifier potassium currents, respectively [7, 8] . Cardiac automaticity is a result of diastolic depolarization, a spontaneous slow depolarization towards the threshold that generates a new action potential [9] . Voltage-gated sodium channels and gap junctions composed of connexin proteins are responsible for the fast propagation of the action potential through the atria, the His bundle, the Purkinje fibre network and the ventricular myocytes [10] .
PROGRESSIVE CARDIAC CONDUCTION DISORDER IS AN INHERITED DISORDER
Clinical and molecular studies have led to the characterization of PCCD as an inherited disease.
First reports: familial pedigree of progressive cardiac conduction disorder
In 1901, Morquio was the first to notice a familial segregation of cardiac conduction disorders. A genetic background had long been suggested, with reports of familial clusters of isolated heart block segregation in two or more generations [11] . In 1965, Gazes et al. [12] reported segregation of Adams-Stokes seizures and second-degree heart block in four generations of the same family, suggesting a dominant inheritance. In the past decade, the field of molecular genetics has rapidly expanded and provided crucial data on the genetic basis of PCCD [13, 14] .
Genetic epidemiological approach to progressive cardiac conduction disorder
On the basis of the hypothesis that, in an area where the population is geographically stable, the offspring of an ancestor affected by a genetic disease remain in this same area during several generations and a major difference in the disease repartition could appear, a genetic epidemiological approach was recently applied by Gourraud et al. [15] to show familial aggregation for PCCD. Using French social security numbers, the authors determined the city of birth of more than 6600 patients implanted with a pacemaker in the western part of France. Upon mapping the frequency of pacemaker implantations for PCCD, they observed a large heterogeneity in disease frequency, from 0.21 to 2.28%, in specific parishes. This study led to the identification of five large families with PCCD, strongly supporting a genetic background for PCCD.
Congenital and childhood non-immune isolated atrio-ventricular block is a genetic disease
Congenital atrio-ventricular block is a rare disorder with an estimated prevalence of 1 per 20 000 live births. Maternal autoimmune disease accounts for 90-99% of all cases diagnosed before 6 months of age, where the trans-placental passage of maternal anti-Ro/SSA and/or anti-La/SSB auto-antibodies causes irreversible fibrosis of the fetal conduction system, as well as the inhibition of cardiac L-type calcium channels [16] . In the remaining cases in which no obvious cause of atrio-ventricular block can be identified, the heart block is considered to be idiopathic.
In the first large-scale study, looking at the heritability of paediatric idiopathic heart block in a French nationwide cohort, Baruteau et al. [17, 18] observed a high degree of inheritance and a strong genetic contribution in the pathogenesis of congenital and childhood non-immune isolated atrio-ventricular block. Nearly 70% of the patients with an incomplete heart block progressed to a permanent complete one, suggesting a postnatal degenerative process of the conduction tissue [17, 18] . The authors hypothesized that this process may be genetically determined. To test this hypothesis, parents of the patients were invited to undergo a screening 12-lead ECG. ECG screening in asymptomatic parents of children affected by idiopathic atrio-ventricular block revealed a high prevalence of cardiac conduction alterations characterized by a long P wave and prolonged PR and QRS intervals, indicative of intra-atrial, atrio-ventricular and intraventricular conduction abnormalities. Moreover, well-characterized conduction disturbances (mainly first-degree atrio-ventricular block, right bundle branch block and left axis deviation) were more frequent in parents of the patients of the cohort than in matched healthy control individuals. The
KEY POINTS
Genetic factors play an important role in patients with progressive cardiac conduction disorders.
Recent studies have demonstrated that parents of paediatric patients with cardiac conduction alterations are also prone to conduction defects, demonstrating the high heritability of this trait.
Mutations in genes encoding cardiac ion channels, ion channel-interacting proteins, cardiac transcription factors and cytoskeletal elements can cause cardiac conduction alterations.
These recent findings illustrate the importance of genetic screening and genetic counselling in patients and families with cardiac conduction disorders. estimated heritability for isolated conduction disturbances was 91% and two SCN5A mutations were identified in the affected children, confirming that congenital and childhood non-immune isolated atrio-ventricular block is a highly heritable trait [18, 19] .
CLINICAL/MOLECULAR DESCRIPTION OF INHERITED PROGRESSIVE CARDIAC CONDUCTION DISORDER IN STRUCTURALLY NORMAL HEARTS
Progressive cardiac conduction disorder may present as a primary electrical disease.
SCN5A
Cardiac sodium channel dysfunction caused by mutations in the SCN5A gene leads to a broad spectrum of hereditary arrhythmias with variable phenotypic expression [20] . The phenotypic spectrum ranges from lethal arrhythmias to asymptomatic carriers, and includes Brugada syndrome, cardiac conduction disease and atrio-ventricular block, congenital sick sinus syndrome, atrial standstill, familial atrial fibrillation, dilated cardiomyopathy, congenital long-QT syndrome type 3 (LQT3) and sudden infant death syndrome [21] . The gene SCN5A codes for the main cardiac voltage-gated sodium channel Nav1.5 [20] , which is expressed in the conduction system and in the regions surrounding the sino-atrial and the atrio-ventricular nodes [7] . Thus far, at least 16 distinct mutations in SCN5A have been found to cause conduction alterations and block in patients and their families [22] . The vast majority of these mutations, when functionally characterized [23] , reduced the sodium current, thereby leading to a loss of function consistent with the slowed cardiac conduction observed in patients.
SCN5A overlap syndrome
SCN5A mutation carriers tend to exhibit overlapping clinical manifestations of the distinct SCN5Arelated syndromes, which is defined as 'SCN5A overlap syndrome' [24] . In many cases, cardiac conduction is altered in these patients. Recently, Kanter et al. [25] reported ventricular arrhythmias and intra-ventricular conduction delays in young children due to loss-of-function sodium and/or calcium channelopathies. Other recently reported SCN5A mutation-related overlap syndromes included LQT3 and dilated cardiomyopathy [26] , LQT3 and early-onset lone atrial fibrillation [27] , LQT3 and Brugada syndrome [28] , and Brugada syndrome, conduction disease and atrial flutter [29 & ].
SCN1B
The cardiac sodium channel protein Nav1.5, which constitutes the pore-forming subunit, has been shown to be part of distinct multi-protein complexes in different membrane compartments of the cardiac cells [30] . Among the proteins interacting directly with Nav1.5, at least four beta-subunits were shown to modulate the expression and function of the sodium channel [31] . Watanabe et al. [14] recently found three pathogenic mutations in the gene SCN1B, which codes for the beta1 subunit of the voltage-gated sodium channel, in families with conduction alterations and, in certain cases, Brugada syndrome. All three mutations were shown to decrease the Nav1.5-mediated current in cellular expression system compared with controls.
SCN10A
In several large, genome-wide association studies, loci within the SCN10A gene, coding for the voltagegated sodium channel Nav1.8, were found to be associated with atrio-ventricular conduction [32] and Brugada syndrome [33 && ]. Although the expression of Nav1.8 in cardiac cells is still under debate [34, 35] , a recent study [36] provided evidence that a cardiac enhancer in SCN10A interacts with and regulates the promoter of SCN5A, thus providing an explanation for how SCN10A genetic variants may affect conduction. The details of these complex regulatory mechanisms are still not well understood, and may also be complicated by the observation that many variants of SCN10A were found to be present in patients with Brugada syndrome [37 && ].
Connexins
Cardiac gap junctions are composed of proteins called connexins (Cxs), which form low-resistance channels that allow electrical coupling and intercellular electrical communication [10] . Four connexin isoforms are expressed in the human heart with regional distribution: Cx40, which forms largeconductance gap junction channels; Cx43, which forms medium-conductance gap junction channels; Cx45, which forms small-conductance gap junction channels; and Cx31.9, which forms ultra-smallconductance gap junction channels [38] . Alterations in the expression of cardiac connexins may cause abnormal activation to spread through the myocardium and lead to conduction disorders. In a recent study, Makita et al. [39] first demonstrated a causal relationship between nucleotide substitutions in gene coding for connexin-40 protein and progressive familial heart block. From a screening of 156 probands with progressive familial heart block, they identified a mutation in the gene encoding Cx40 (Q58L) in one family. Heterologous expression of Cx40-Q58L in connexin-deficient cells resulted in a marked reduction in junctional conductance and the diffuse localization of Cx40 proteins in the vicinity of the plasma membrane, without the formation of gap junctions. This study, which was the first to demonstrate a germ-line mutation in a connexin gene associated with inherited conduction disorders, emphasizes the importance of Cx40 in the normal propagation of the electrical impulse in the specialized cardiac conduction system.
TRPM4
Recently, the transient receptor potential (TRP) channel TRPM4 has been implicated in different cardiac disorders [40] . Kruse et al. [41] described the first TRPM4 mutation, p. E7K, in an Afrikaner family with a familial conduction disorder. The affected individuals were heterozygous carriers of the mutation, which was transmitted in a dominant fashion. In cellular expression systems, mutant TRPM4 channels produce a larger current than their wild-type counterparts, possibly due to an insensitivity to deSUMOylation, thus impairing endocytosis and stabilizing the mutant channels at the cell surface [41] . More recently, three more mutations in TRPM4 were reported in French and Lebanese families with PCCD [42] . Functional experiments expressing these three mutant variants of TRPM4 suggested a similar gain-of-function phenomenon related to altered deSUMOylation. In another recent study [43] , an additional six TRPM4 mutations in patients with right bundle branch block and atrioventricular block were identified, but electrophysiological or biochemical studies have yet to be carried out in order to elucidate the potential mechanisms involved. Altogether, these recent studies strongly suggest that the cardiac channel TRPM4 plays a key role in the pathogenesis of genetically determined conduction disorders. It may be that gain-of-function mutant TRPM4 channels lead to cell membrane depolarization in the conduction system, thus reducing the number of available sodium channels and resulting in the observed conduction abnormalities.
KCNK17
In a recent study [44 & ] reporting on a PCCD patient with idiopathic ventricular fibrillation, whole exome sequencing identified a missense mutation, G88R, in the gene KCNK17, which codes for the potassium channel TASK-4. This mutation led to a gain of function of the TASK-4-mediated current and may, similarly to the gain-of-function mechanisms proposed for TRPM4 [40] , reduce the availability of the sodium current by depolarizing the membrane of conduction system cells. Importantly, this study also demonstrated the expression of the TASK-4 channel in human Purkinje cells [44 & ].
CLINICAL AND MOLECULAR DESCRIPTION OF INHERITED PROGRESSIVE CARDIAC CONDUCTION DISORDER ASSOCIATED WITH CONGENITAL HEART DISEASES
Several genes encoding cardiac transcription factors are essential for the development of the conduction system as well as in cardiac septation and morphogenesis. Recent genetic findings suggest that approximately 10% of sporadic congenital heart diseases may have de-novo mutations that significantly contribute to the disease process [45,46 && ,47] . A molecular pathway including TBX5, NKX2.5 and Id2 genes coordinates the specification of ventricular myocytes into the ventricular conduction system lineage [48] . Moreover, several transcription factors modify gene expression of ion channel proteins that contribute to the electrophysiological properties of the conduction system and govern the contraction of the surrounding myocardium [49] . Mutations in genes encoding for core transcription factors critical for cardiac chamber formation, endocardial cushion remodelling and conduction system development, like NKX2.5 and Tbx5, may lead to progressive cardiac conduction disorders associated with congenital heart diseases [50] .
NKX2.5
The first study identifying mutations in the gene coding for the cardiac-specific homeobox transcription factor NKX2.5 was in four families with secundum atrial septal defects (ASDs) and atrioventricular conduction disorders [51] . Since then, numerous mutations in this transcription factor have been reported with various congenital heart defect phenotypes, such as secundum ASD, tetralogy of Fallot, truncus arteriosus, double-outlet right ventricle, L-transposition of great arteries, interrupted aortic arch and hypoplastic left heart syndrome, with or without conduction disorders [52] . More recently, Wenckebach periodicity, ventricular non-compaction and sudden death have been added to the spectrum of clinical manifestations associated with NKX2.5 mutations [53, 54] , and experimental studies have confirmed that NKX2.5 regulates the proliferation of atrial working and conduction myocardium in coordination with Notch pathway [55 && ].
Tbx5
In 1997, Basson et al. [56] screened two families with Holt-Oram syndrome and identified mutations in the gene encoding the T-box transcription factor Tbx5. Holt-Oram syndrome is characterized by radial ray upper limb abnormalities and cardiac septation defects with an autosomal dominant transmission pattern. The septal defects consist of secundum ASD, muscular ventricular septal defects or atrioventricular septal defects and may also be associated with aortic coarctation [57] . Affected patients also present various degrees of conduction disorders, such as sinus bradycardia and atrio-ventricular block, even in the absence of overt structural heart disease [58] . Another member of the T-box family transcription factor, TBX3, is found in close proximity to TBX5 on chromosome 12q24. [61] .
Targeted genetic screening of first-degree relatives of a mutation-positive PCCD patient is also part of the management, to allow prospective follow-up of asymptomatic mutation carriers.
CONCLUSION
A large number of genes have been linked to cardiac conduction disorders. It is now clear that cardiac conduction defects are not only associated with aging, but that many complex pathophysiological processes may lead to the occurrence of atrio-ventricular and intra-ventricular block. Many genes and gene networks are involved in the electrophysiological activity of the heart, and it is likely that only a small fraction of these genetic defects have been currently identified. In the future, it could be possible to determine most of the causative genetic alterations and in turn determine the actual proportion of conduction disorders due to genetic defects. Once this first step is achieved, genetic analysis would be part of the routine clinical assessment of patients affected by PCCD. Since the appearance of these conduction alterations is a slow process over time, genetic tests could help to better determine the risk of progression of a cardiac conduction defect and hence determine the best timing for pacemaker implantation. In the longer term, it may be possible, through early identification of patients at risk of developing cardiac conduction defects, notably by familial screening, to develop preventive strategies, using drugs able to slow the development of these potentially fatal disorders.
